The structural characterization of de novo designed metalloproteins together with determination of chemical reactivity can provide a detailed understanding of the relationship between protein structure and functional properties. Toward this goal, we have prepared a series of cyclic peptides that bind to water-soluble metalloporphyrins (Fe III and Co III ). Neutral and positively charged histidine-containing peptides bind with a high affinity, whereas anionic peptides bind only weakly to the negatively charged metalloporphyrin. Additionally, it was found that the peptide becomes helical only in the presence of the metalloporphyrin. CD experiments confirm that the metalloporphyrin binds specific cyclic peptides with high affinity and with isodichroic behavior. Thermal unfolding experiments show that the complex has ''native-like'' properties. Finally, NMR spectroscopy produced well dispersed spectra and experimental restraints that provide a high-resolution solution structure of the complexed peptide.
O ne approach to understanding the folding and function of proteins is to attempt their design from first principles (1) (2) (3) . Such design, however, requires not only incorporation of nonpolar interactions, but also inclusion of specific hydrogen bonds, disulfide bridges, ion pairs, and metal chelation. Without these interactions, proteins form compact folding intermediates referred to as molten globules (4) . Molten-globule structures are compact and possess a high degree of secondary structure, but they are also highly dynamic, with both internal and external side chains rapidly interconverting among a large family of rotamers. Analysis of protein structures, on the other hand, reveals that the interior hydrophobic core is well packed and rigid. Therefore, two challenges occur in the design of ''native-like'' proteins. By using positive design (3, (5) (6) (7) , one can take into account issues such as hydrophobicity and the helix-or sheet-forming propensity of amino acids. By using negative design [a term developed to describe the selective introduction of unique stabilizing interactions (2, 3) ], one can introduce features that stabilize one specific fold, while, at the same time, they destabilize alternative topologies. By using this dual strategy, one can increase the free-energy gap between the native and molten-globule states.
With the challenge of design making rapid progress, several groups have begun to look at the incorporation of functional cofactors in hopes of producing de novo catalytic proteins (8) (9) (10) (11) (12) (13) (14) . Many enzymes require mono-and dinuclear metal ions (15) , metal clusters (ferredoxin and nitrogenase) (16) , heme (cytochromes and globins) (17) , and organic cofactors (flavin-and quinone-based enzymes) (18) . These cofactors are important, especially when processes such as oxidation͞reduction or substrate binding and activation are required (15) .
Studies of natural enzymes have led to considerable understanding of their structure and function. Reduction of these complicated systems to minimal models, however, will allow us to test our understanding of their functional properties and to explore environmental and therapeutic applications. The creation of new biocatalysts is a sizable challenge. The problem has been approached by a variety of methods, including de novo (''rational'') design (2, 3, 12, 14, 19) , directed evolution of new catalytic processes (20) (21) (22) , production of catalytic antibodies (23) , and the use of phage display to identify proteins that bind to transition-state analogs (24) (25) (26) (27) . Rational design, which we use here, allows us to start with a simplified initial model that can be characterized at each stage in detail and refined accordingly.
Another step toward the creation de novo of catalytic proteins is the acquisition of high-resolution structures of the synthetic proteins. Although several such structures exist (28) (29) (30) (31) , very few have a cofactor bound to the polypeptide (1) . With the confirmation of these structures in hand, it should then be possible to design features that can bind and activate small substrate molecules, such as dioxygen and hydrocarbons.
We have described the design and characterization of 15-mer, tweezers, and cyclic heme-binding peptides (32) (33) (34) . In this work, we present the solution structure of a metalloporphyrin-peptide complex, designed from first principles. This complex is a unique example of a high-resolution solution structure of a metalloporphyrin cofactor bound to a designed peptide. What is perhaps most interesting about this system is that the peptide is unfolded in the absence of the porphyrin. In the presence of the porphyrin, however, the peptide is folded and rigid, with only a single, well defined conformation in solution.
Materials and Methods UV Spectroscopy. UV-binding studies were done on a Hitachi U-3300 UV spectrometer (Hitachi, Tokyo) in a thermostated cell holder. For studies comparing charge, all measurements were made in 50 mM KH 2 PO 4 , (pH 6.8-7.5). Binding constants were determined as reported earlier (32) .
CD Spectroscopy. All CD spectra were measured on a Jasco J-700 spectrapolarimeter (Jasco, Easton, MD) at 4°C. Unless otherwise specified, all measurements were made on samples whose concentration was 2-10 M (pH 7.0, 2 mM potassium phosphate͞5 mM potassium chloride). Analyses of thermal unfolding data were done with established methods (35) . The chemical unfolding data were best-fit by using the nonlinear least-squares algorithms in SIGMA-PLOT to a two-state denaturation function (36) . NMR Spectroscopy. All NMR spectra were acquired at 4°C by using samples that were 3 mM in the peptide complexes of [Co III (coproporphyrinate I)] 3Ϫ (pH 7.2, 50 mM potassium phosphate͞10 mM potassium chloride). All spectra were acquired in 90% H 2 O͞10% D 2 O to suppress the exchange of backbone amide protons with deuterons. Suppression of the water signal was accomplished by selective excitation of the water signal during the recycling delay. NOESY spectra were acquired by using standard methods (37) (38) (39) . Spectra were acquired by using mixing times ranging from 10 to 250 ms. For total correlation spectroscopy experiments (40, 41) , the spin-lock power was set to 49 and mixing times to 70 ms. All other parameters were identical with those in NOESY experiments. Double-quantumfiltered COSY experiments (42) were acquired at very high digital resolution, typically with 512-1,024 increments in the F1 dimension.
Structure Calculations. Interproton distance restraints were derived from NOESY experiments with 10-, 20-, 50-, 100-, and 250-ms mixing times acquired on a Varian Innova spectrometer operating at 600 MHz. It was found that, with a mixing time of 100 ms, the nuclear Overhauser effect (NOE) intensities were still in the linear region of the build-up curve, so a two-spin approximation was applied for the generation of distance constraints (31) . Peaks involving nonexchanging protons were scaled to the largest H␤-H␤ NOE cross-peak intensity, assuming a 1.8-Å separation. Peaks with exchangeable amide protons were scaled to the largest HN (i) -HN (iϩ1) cross-peak intensity, assuming a distance of 2.8 Å, as in an ideal ␣-helix. For those cross-peaks involving methyl groups, a pseudoatom approximation was used and the NOE distance was increased 0.5 Å. Finally, the upper-bound limit for each distance constraint was increased 10%. Backbone -angle restraints, derived from 3 J NH-CH coupling constants, were determined by using the method of Kim and Prestegard (43) . Restraints were restricted to Ϫ60 Ϯ 40 for coupling constants Ͻ7 Hz and to Ϫ120 Ϯ 50 for coupling constants Ͼ8 Hz.
Three-dimensional structure calculations were done by using the program INSIGHT͞DISCOVER (Accelrys, San Diego) with a modified consistent valence force field. An NOE-restrained, simulated annealing protocol developed by Nilges and coworkers (44-46) was used for structure calculations by starting with a randomized set of structures, heating the molecule to 2,000 K, and then slowly cooling the molecule over the course of 45 ps to 50 K. Force constants for bonds were set to 25 kcal͞(mol⅐rad 2 ), whereas the constants for angles were set to 100 kcal͞(mol⅐rad 2 ). Of the 50 structures, 75% converged to acceptable structures. Of the acceptable structures, 14 were deemed exceptional. All of these structures displayed no violations Ͼ0.5 Å or Ͼ5°.
Results and Discussion
Design of the Cyclic (Cy) Peptides. The design of the primary sequence for Cy-AA-KK ( Fig. 1 ; the sequences of Cy-AA-KK, Cy-AA-EE, and Cy-AA-EK are given in the legend) has been described (34) . Our design approach is illustrated in Fig. 1b . Cy-AA-KK contains all lysines on its polar face (and hence is positively charged), whereas Cy-AA-EE has only glutamates on its polar face (and hence is negatively charged). The sequence of Cy-AA-EK is similar to Cy-AA-KK, except that the lysines in positions 4 and 14 were changed to glutamates with the intention of introducing salt-bridge contacts. Cysteines are at the termini of each of the monomeric peptides to permit cyclization. The oxidative cyclization of the peptide was carried out by using the orthogonal protecting groups described (34) .
Starting from our earlier work with monomeric 15-mer peptides (32-34), we have iterated systematically toward a peptide that would display ''native-like'' properties. We have described the effect of disulfide addition on the binding affinity and secondary structure (34) . We have now extended this work to the effect of charge and salt bridges on the 3D structure of the complex.
Solution Binding Studies. We have examined the effect of peptide charge on the binding affinity to M III (coproporphyrinate I) 3Ϫ . Coproporphyrin I has four carboxylates on the periphery of the macrocycle, so its M III complex has a net charge of Ϫ3 at pH 7. A spectrophotometric titration, shown in Fig. 2a , displays the binding of the free peptide to the metalloporphyrin. The data indicate that the high-spin metalloporphyrin is converted into a low-spin complex, typical of bishistidine-ligated hemes (17) . Isosbestic behavior confirms that the only species in solution are the free and complexed (six-coordinate) metalloporphyrin.
Three peptides were synthesized: Cy-AA-KK (positively charged), Cy-AA-EE (negatively charged), and Cy-AA-EK (overall neutral). Fig. 2b shows a comparison of the binding of Fe-porphyrin complexes at pH 6.7 and 7.6. The preorganization provided by the cyclization of the peptides with disulfide bonds has a dramatic impact on heme binding compared with free histidine. Despite the different stoichiometries (2:1 histidine͞metalloporphyrin vs. 1:1 cyclic peptides͞ metalloporphyrin, as determined from Hill plots of the titration data), it is still possible to roughly compare the binding properties. At pH 7.6, the ratio of free to bound [Fe III (coproporphyrin I)] ϩ will be 1.0 for Cy-AA-EK (the cyclic peptide with the strongest binding; Fig. 2b ) at a peptide concentration of 3.6 M. By way of comparison with histidine itself, a free-to-bound heme ratio of 1.0 requires a histidine concentration of 5.6 mM, a three order of magnitude difference.
Because the metalloporphyrin has a substantial overall negative charge (Ϫ3), electrostatic interactions play a major role in affecting the binding constants. At pH 6.7, the positively charged (Cy-AA-KK) and neutral (Cy-AA-EK) peptides bind to the metalloporphyrin with similar affinities and much more strongly than the negatively charged peptide (Fig. 2b) . We expected Cy-AA-KK (positively charged) to bind most tightly; competition between the metal center and protons for binding to the imidazole, however, may affect the binding affinity at pH 6.7; alternatively, the weakening of the salt bridges in Cy-AA-EK at lower pH values might also be expected to affect the relative affinities. In comparison, the negatively charged peptide (Cy-AA-EE) is bound relatively weakly. As an aside, during prolonged periods (several hours) at pH Ͻ6.7 only, the heme complex of this negatively charged peptide appears to precipitate (i.e., all heme absorption bands decrease).
Salt bridges and hydrophobic interactions are important positive design elements in the creation of metalloporphyrinbinding peptides. At pH 7.6, when all the lysines are still protonated and the glutamates are deprotonated, the neutral peptide has the highest affinity. This finding probably reflects the effects of the salt bridges of Cy-AA-EK that stabilize helix formation and hence increase binding to the metalloporphyrin.
Salt bridges can stabilize proteins by up to 1 kcal͞mol each (3). Hydrophobic contacts also affect the binding constants. The alanine residues shown by the NMR structure to be in contact with the heme face were replaced by phenylalanine (Cy-FF-KK). This replacement increases binding 5-fold compared with Cy-AA-KK, at pH 7.6, presumably because of increased hydrophobic interactions.
Studies of Secondary Structure and Stability. Both Cy-AA-KK and Cy-AA-EK bind the Fe and the Co system with good isodichroic behavior (Fig. 3a) . This finding was not true for the tweezers or 15-mer peptides, as reported earlier (34) . As expected, Cy-AA-EE does not assume any secondary structure. The observation of a random-coil to helix (Zimm-Bragg) type of transition in Cy-AA-KK and Cy-AA-EK is consistent with the metalloporphyrin binding to the unfolded peptide (Fig. 3) , with the resulting complex assembling into one conformation.
One characteristic of small, single-domain globular proteins is that they show a single, cooperative, thermal unfolding transition (47) . The thermal unfolding (Fig. 4) is similar to that of small globular proteins, and similar data were obtained for Cy-AA-EK. In contrast, peptides containing phenylalanine residues at positions 4, 5, 11, and 12 gave a nonsigmoidal unfolding curve, possibly due to the high number of nonspecific interactions between the porphyrin and the peptide, which create an large ensemble of conformations. Table 1 lists the melting temperature and the van't Hoff enthalpies of the systems analyzed. Small, single-domain globular proteins typically have unfolding enthalpies (⌬H m ) on the order of Ϸ40 kcal͞mol (5, 6) . The enthalpies that we have measured are somewhat lower than that (Ϸ10 -15 kcal͞mol), as expected, because our complexes have much less buried hydrophobic surface area. The T m of the cyclic peptides varies from 47 to 55°C. The alanine-based peptides appear to be half-unfolded at 47°C, which is slightly smaller than many small globular proteins, emphasizing the importance of working with them at low temperatures. The phenylalanine-based derivatives have higher T m values, which might be due tointeractions or hydrophobic stabilization.
Urea-induced unfolding of the alanine peptides was also investigated. The free energies (Table 1) are a bit lower than the average value of 4 kcal͞mol seen for globular proteins. However, these systems are miniature proteins without the extensive hydrophobic core seen in globular proteins. The most stabilizing interactions seen in these systems are the Co-histidine bond, the hydrophobic interactions of the porphyrin face with the alanine residues, and electrostatic interactions (in Cy-AA-EK).
NMR Spectroscopy. Two-dimensional NMR spectra were well dispersed, consistent with conformational singularity (Fig. 5a) . All the resonances for this molecule could be assigned by using standard methods after analysis of NOESY, total correlation spectroscopy, and double-quantum-filtered COSY data in 90% H 2 O͞10% D 2 O (38). Analysis of the NOE cross-peak intensities reveals significant secondary structure in the molecule (Fig. 5b) . Only one of the helices is shown for clarity because the other helix gives the same pattern. The data reveal a stronger intensity for the d NN cross-peaks relative to the d ␣N cross-peaks, which is a sign of helicity. Another strong pattern is the d ␣␤ (i, i ϩ 3) cross-peaks. Although it is difficult to distinguish between 3 10 and ␣-helices from NMR data, the presence of the d ␣␤ (i, i ϩ 3) cross-peaks as the most intense in the spectra, the presence of d ␣N (i, i ϩ 4) , and the absence of d ␣N (i, i ϩ 2) cross-peaks provides further support for the ␣-helical structure. Several unique NOEs also exist between the metalloporphyrin and the peptide and the imidazole of the histidine and other residue side chains.
Structure Calculations. The quality of the NMR data permitted the use of NOE-restrained simulated annealing protocols for the calculation of the solution structure. By using the INSIGHTII͞ DISCOVER package, and a modified form of the consistent valence force field, 50 random structures were calculated from a total of 224 distance restraints (including 22 hydrogen bond restraints) and 30 -angle restraints (Table 2 ). Rigorous analysis of NOE cross-peaks gave a total of 202 distance restraints determined from peak volume measurements. Torsion-angle The size of the bars reflects these intensities. NOEs were taken from a NOESY spectrum recorded with a mixing time of 100 ms. The three-bond 2J ␣NH coupling constants were taken from a high-resolution double-quantumfiltered COSY experiment and converted to -angle restraints by using the standard methods (36, 37) . Only one of the helices is shown for clarity because the other helix gives the same pattern. The data reveal a stronger intensity for the d NN cross-peaks relative to the d␣N cross-peaks, which is a sign of helicity. Another strong pattern is the d ␣␤(i, i ϩ 3) cross-peaks. Although it is difficult to distinguish between 3 10 and ␣-helices from NMR data, the presence of the d ␣␤(i, i ϩ 3) cross-peaks as the most intense in the spectra, the presence of d␣N(i, i ϩ 4), and the absence of d ␣N(i, i ϩ 2) cross-peaks provide further support for the ␣-helical structure. Several unique NOEs also exist between the metalloporphyrin and the peptide and the imidazole of the histidine and other residue side chains.
constraints were determined from analysis of double-quantumfiltered COSY spectral data. Displayed in Fig. 6 Top is a stereoview of the 14 best structures; topologically, the structure is similar to a leucine zipper. A representative low-energy structure is shown in Fig. 6 Middle. Strikingly, the structure shows that the two helices tilt to maximize close packing of the hydrophobic porphyrin system and the hydrophobic residues of the peptide, so that the lysines are proximal to the carboxylates of the porphyrin. In this design, alanines were positioned on the side of the helix so that they could interact favorably with the hydrophobic porphyrin face. Of the 14 structures displayed, the overall backbone rms deviation is 0.9 Å for all nonhydrogen atoms (Table 2 ), 0.6 Å for the backbone atoms, and a very low 0.4 Å in the helical regions of the peptide. As expected, the turn regions, where the cysteine bridges have been placed, have more disorder and are presumably dynamic in solution.
Conclusions
The unifying theme in this work has shown that the metalloporphyrin plays a substantial role in the induction and stabilization of peptide structure. Furthermore, the described structures display native-like properties similar to small proteins. The broadening of the free energy gap between native and molten structures was possible only after incorporation of disulfide bridges and ionic contacts.
Stability studies reveal a cooperative denaturation of both the Cy-AA-KK and Cy-AA-EK complexes. Whereas the thermodynamic data show only a marginal increase in the stability of Cy-AA-EK over Cy-AA-KK, the NMR spectra of Cy-AA-EK were the best resolved. NMR, therefore, is a critical screen for native-like properties.
The use of the diamagnetic, slow-exchanging Co III complex of Cy-AA-EK. Notably, the structure shows an Ϸ60°helical tilt relative to the heme, which maximizes hydrophobic contacts and intramolecular ion pairing. Analysis of the structure suggested that a four-helix bundle could easily be engineered by extension of these sequences.
Possible biomedical implications exist for these studies. It has been well established that intrinsically unstructured proteins (i.e., prions) (48, 49) are key elements in neurodegenerative diseases. We find it most interesting that porphyrins (50, 51) and other cofactors (52) have been shown to interact strongly with these unstructured proteins and may have important pharmaceutical applications. The ability of porphyrins and metalloporphyrins to stabilize ␣-helical structures in peptides may have important implications for remediation of peptide aggregates in vivo. Backbone atoms (residues 1-34: N, C ␣ , C) 0.6 Backbone atoms (residues 19-31: N, C ␣ , C) 0.4 All nonhydrogen atoms (residues 0.93
Of the 50 structures, 40 converged to acceptable structures. Of these, 14 structures were deemed exceptionally good (i.e., displayed no violations Ͼ0.5 Å or 5°). Distances were constrained in a square well potential by using force constants for bonds set to 25 kcal͞(mol⅐rad 2 ) and for angles set to 100 kcal͞(mol⅐rad 2 ). The structures were checked by using the NMRREFINE͞PROSTAT module in the INSIGHT͞DISCOVER package. 
